Electromagnetic tracking systems (EMTS) are widely used in a computer-assisted surgery, motion capture, kinematic studies and military applications. The main application in the medical domain represents minimal invasive surgery. For this purpose, the EMTS systems are integrated into the surgery device, i.e. needle, endoscope or catheter supporting tracking of this device within the human body without X-ray radiation. However, in neurovascular interventions this technique hardly could be applied so far. This is mainly due to a too large size of the receiver coils which have to be integrated into the microcatheter. In this paper we present such a microcatheter for neurovascular interventions featured with a 5 DOF sensor enabling tracking of the catheter tip by a commercial EMTS system and first evaluation of its accuracy.
Introduction
Electromagnetic tracking systems (EMTS) were originally developed for military application [1] . Nowadays they are essential components of image-guided surgery systems, ergonomic studies [2] , motion capturing and kinematic studies. An EMTS is based on induction of current in a sensor coil by several emission coils spatially distributed around the region of interest. Depending on their positions, orientations, inductances and currents each emission coil induce a specific current in the sensor coil. By an accurate measurement of the inductions from all emission coils the position and orientation of the sensor coil can be estimated.
In the medical domain EMTS are mainly used in computer-assisted surgery for tracking the position of instruments relative to the patient anatomy [3] . It has been successfully applied in endoscopic and bronchoscopic procedures, mainly for navigation in ear, nose and throat surgeries (ENT), cranial and spine treatment, in laparoscopic ultrasonography, needle aspiration biopsies, ultrasound freehand tracking, interstitial brachytherapy and ultrasound bone registration [3, 4, 5, 6, 7, 8 and 9] .
However, nowadays the standard imaging modality for guidance within the cathlab and the neuroradiology suite is a C-arm based X-ray fluoroscopy. This technique allows to visualize both, the vessels inside of the patient's body as well as and the surgery device, i.e. the catheter. The usage of X-ray as ionizing radiation is a heavy burden on the health of the patient and physician. There are many attempts to reduce the total X-ray dose during interventions. Beside optimizations of the X-ray device, there are several approaches for the application of alternative positioning techniques like optical or the EMTS or mechanical guidance systems. Optical navigation systems are restricted to applications which all the time guarantee direct line of sight from the tracking camera to the surgeon's device. Consequently, the instrument has to have a rigid form thus also allowing a precise estimation of the tip of the device being invisible within patient's body. High precise mechanical guidance systems need also a rigid connection to the tracked object that excludes this technology from the neurovascular intervention application.
The EMTS enables tracking without these restrictions being also applicable for catheter based interventions [14] . However, due to the fact that the size of the sensors was too large for integration into the tip of the catheter, up to now intravascular application were restricted to large vessel interventions [10] , [11] , examples are tightly controlled cardiac mapping or pulmonary applications. Recently, micro sensors become available, enabling an integration of the coil to micro-catheters. This paper focuses on electromagnetic navigation for image guided neurovascular surgery focusing on the neurovascular application based on 5F-6F catheter. We present a microcatheter for neurovascular interventions featured with a 5 DOF sensor enabling tracking of the catheter tip by a commercial EMTS system and first evaluation of its accuracy. 
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Methods
In catheters for vascular application the navigation through the vessel system is executed by means of a guide wire which is placed in the lumen of the catheter. In order to be able to integrate the tracking sensor into such flexible catheter a second lumen is required. Therefore, for our study a biluminal extraction catheter Pronto V3
[24] and a triluminal Cordis Hydrolyser 6F [25] were chosen. In the catheters an Aurora 5DOF sensor [26] was integrated according to Aurora Tool Design Guide [12] . The employed tracking sensor has a diameter of 0.5 mm and length of 8 mm. Conductive or ferromagnetic objects like the guiding wire NiTVu (AngioDynamics Inc), can distort an EMTS [16] [17] [18] [19] [20] . Photos of Pronto V3 (5F) and Cordis Hydrolyser 6F and a fluoroscopy of Cordis Hydrolyser 6F are presented in Fig. 1a, 1b and 1c respectively.
As the navigation system which drives the sensor and emission coils and provides a software framework for supporting the surgery we used the commercially available CAPPA IRAD [13] navigation system for minimally invasive interventions. The software of this computer assisted surgery system features as visualization mode a pointing to the position of the catheter within a CT image (syngo DynaCT) [13] acquired prior to the surgery using Siemens Artis Zeego C-Arm. It also enables planning of the image-guided intervention.
For prove of concepts of application of the EMTS tracking systems for endovascular intervention we performed phantom studies. An aortic arch phantom presented in Fig. 2a and 2b was utilized. First, a registration panel comprising 5 X-ray markers and a 6DOF Aurora sensor was fixed with an adhesive tape on the surface of the phantom (Fig 3) . DynaCT crosssectional imaging was performed. Images were then sent to CAPPA system, where they were registered with the position of the sensor.
In the next step the developed Cordis Hydrolyser catheter was plugged into the CAPPA navigation system providing a superimposing of the current catheter position within the previously acquired DynaCT image. For evaluation reasons, additionally to the EMTS the position of the catheter also was controlled by means of X-ray fluoroscopy. Afterwards the catheter was inserted into the aorta and pushed under control of CAPPA to the right common carotid artery. The position of the catheter relative to the phantom was presented on the display of CAPPA, facilitating rapid execution of the experiment. The accuracy of the image-guided catheter was measured with a developed board comprising 55 mm grid of holes as described in [23] . Hence, the tip of the catheter containing the EMTS sensor was placed stepwise in one of 64 holes. The known distances between the holes were compared with those measured by the tracking system in order to calculate the accuracy of navigation. The CAS system CAPPA including the EMTS Aurora presents the position of the sensor only graphically. Therefore, in order to evaluate the precision of the presented catheter navigation, the EMTS Aurora was connected directly to a computer containing the NDI Toolbox software. The tracking accuracy of the NDI Aurora Catheter -Type 1 containing no guiding wire was used as a reference for the developed catheter. The accuracy of navigation was evaluated with the guiding wire NiTVu distributed by AngioDynamics Inc. The grid board, catheter and EMTS are presented in Fig. 4 .
Results
The position of the Cordis Hydrolyser catheter during the phantom experiment was controlled with the X-ray fluoroscopy. This measured position was in a good accordance with the position shown on the display of CAS CAPPA. The quantitative measurement of accuracy of EMTS for neurovascular intervention was performed utilizing the board comprising grid of holes, which was described above. Accuracies of navigation and the influence of the guiding wire measured in this experiment are presented in table 1. 
Conclusion
In this paper, we evaluated the feasibility of the usage of EMTS for neurovascular interventions. For this we integrated a micro-sensor into a miniaturized catheter (5 and 6F) with a 5DOF sensor coil. The performed experiment with the aortic arc phantom has shown the feasibility of the application of EMTS for neurovascular interventions. The initial evaluation of the accuracy performed with a developed board comprising grid of holes is satisfactory. The resulted navigation's root mean square (RMS) error for every evaluated catheter does not excess 0.79 mm that shows their applicability for neurovascular interventions. In our experiment we have not noticed any influence of the guiding wire on the accuracy of EMTS despite the proximity of the tracking sensor.
However, no respiratory movement was considered that can potentially have a crucial influence of the accuracy in image-guided navigation. In future, we will focus on an evaluation of the accuracy using standard protocols proposed in the literature. Besides the evaluation, new phantom studies with a perfused phantom and animal experiments are also intended.
The application of EMTS for endovascular interventions is very attractive, both, for the patient and for the physician. This is mainly due to the strong X-ray dose reduction as well as contrast agent savings. Furthermore, also a reduction of the interventions duration could be achieved that is crucial in neurovascular interventions for the patient outcome. Overall, significant costs savings are expected.
